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The e f f e c t  of  d o g l e g  maneuvers ( a z i m u t h  t u r n s )  on t h e  
v i s i b i l i t y  i n  the  touchdown a r e a  d u r i n g  LM d e s c e n t  was s t u d i e d .  
A t u r n  p r o c e d u r e  was deve loped  i n  which  t h e  f l i g h t  p r o f i l e  ( a l t i -  
t u d e  v s .  r a n g e )  was e s s e n t i a l l y  unchanged from t h e  no-dogleg  
a p p r o a c h .  I n  t h i s  way, t h e  az imuth  e f f e c t s  were s e p a r a t e d  and 
a s y s t e m a t i c  e v a l u a t i o n  of  maneuver s t a r t i n g  t i m e s  and a z i m u t h  
a n g l e s  c o u l d  t h e n  b e  made. 

V i s i b i l i t y  c r i t e r i a  were examined and a c r i t e r i o n  d e v e l o p e d  
which r e q u i r e d  t h a t  c r a t e r s  s u b t e n d i n g  h a l f  a d e g r e e  a t  t h e  comman- 
d e r ’ s  e y e  s h o u l d  b e  v i s i b l e  d u r i n g  t h e  l a s t  1 0 0  seconds  of a p p r o a c h  
p r i o r  t o  l o s i n g  s i g h t  o f  t h e  touchdown s p o t  as it  d i s a p p e a r s  b e n e a t h  
t h e  LM. C o n d i t i o n s  under  which such  c r a t e r s  c o u l d  be  d e t e c t e d ,  as 
a f u n c t i o n  o f  t h e  s c e n e  c o n t r a s t  and  t a k i n g  i n t o  a c c o u n t  f i e l d  con- 
d i t i o n s ,  were e s t a b l i s h e d .  

Under t h e  a s sumpt ions  o f  t h e  s t u d y ,  t h e  c o n c l u s i o n s  are  
t h a t  a d o g l e g  maneuver c o u l d  p r o v i d e  a b e t t e r  u t i l i z a t i o n  of t h e  
maneuver ing  A V  f o r  sun a n g l e s  a t  t h e  h i g h  end o f  t h e  7-20 d e g r e e  
r a n g e .  For t h e  low end o f  t h e  r a n g e ,  however,  t h e  d o g l e g  has no 
a d v a n t a g e .  

A s t r a t e g y  was p o s t u l a t e d  and examined i n  which the  re- 
s u l t s  of t he  s t u d y  were a p p l i e d  t o  a l a n d i n g  a t  20 d e g r e e s  sun  
a n g l e .  The r e s u l t s  s u g g e s t  t h a t  2 5  f e e t / s e c o n d  o f  t h e  d e s c e n t  AV 
budge t  F i n a l  Approach phase  maneuvering a l lowance  s h o u l d  be ear- 
marked f o r  a 17-20 d e g r e e  dog leg  a t  s u n  a n g l e s  n e a r  2 0  d e g r e e s .  
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1 . 0  I N T R O D U C T I O N  

V i s i b i l i t y  of  t h e  touchdown area i s  r e q u i r e d  d u r i n g  
t h e  f i n a l  approach  and l a n d i n g  p h a s e s  ( P h a s e s  I1 and  111) o f  
LM d e s c e n t  f o r  l u n a r  s u r f a c e  e v a l u a t i o n  and touchdown s p o t  se- 
l e c t i o n  by t h e  c rew.  The c u r r e n t l y  a c c e p t e d  r a n g e  o f  s u n  e l e -  
v a t i o n s  f o r  t h e  f i r s t  manned l u n a r  l a n d i n g  i s  7 t o  2 0  degrees 
above  t h e  h o r i z o n ,  w i t h  t h e  approach  down s u n .  The az imuth  
a n g l e  be tween t h e  LM d e s c e n t  g round  t r a c k  ( i n  t h e  p l a n e  of t h e  
CSM o r b i t )  and t h e  s u n  d i r e c t i o n  i s  v a r i a b l e ,  depend ing  on t h e  
l a n d i n g  s i t e  l a t i t u d e  and l o n g i t u d e  and  t h e  da t e  o f  l a n d i n g ,  
b u t  i t  w i l l  no rma l ly  b e  l e s s  t h a n  7 d e g r e e s  f o r  l a n d i n g  s i t e s  
i n  t h e  Apo l lo  zone o f  i n t e r e s t .  I t  has been  i n d i c a t e d  ( R e f -  
e r e n c e s  1 and 2 )  t h a t ,  w i t h  such  smal l  az imuth  a n g l e s  be tween  
s u n  l i n e  and LM t r a c k ,  v i s i b i l i t y  i n  t h e  nominal  touchdown 
a rea  i s  poor  ( s e e  l a t e r  d i s c u s s i o n  f o r  i n t e r p r e t a t i o n  of  v i s -  
i b i l i t y  r e q u i r e m e n t s )  ?'or sun a n g l e s  a t  t h e  u p p e r  end of  t h e  
7 to 20 degree i n t e r v a l ,  u n t i l  t h e  r a n g e  to nomina l  touchdown 
i s  o n l y  1 0 0 0  to 1 5 0 0  f e e t ,  o r  a b o u t  40  s econds  b e f o r e  t h e  
touchdown s p o t  p a s s e s  o u t  o f  view b e n e a t h  t h e  LM. 

The pu rpose  o f  t h i s  s t u d y  i s  t o  i n v e s t i g a t e  t h e  e f f e c t  
on v i s i b i l i t y  o f  p e r f o r m i n g  a d o g l e g  ( a z i m u t h  t u r n )  maneuver dur -  
i n g  t h e  f i n a l  approach  or l a n d i n g  p h a s e s  o f  t h e  LM d e s c e n t .  The 
i n c r e a s e  i n  t h e  t i m e  i n t e r v a l  d u r i n g  which s c e n e  c o n t r a s t  exceeds  
c e r t a i n  c r i t e r i a  o f  a c c e p t a b i l i t y  i s  d e t e r m i n e d  as a f u n c t i o n  o f  
i n c r e a s e  i n  AV c o s t ,  f o r  v a r i o u s  d o g l e g  a n g l e s  and  maneuver s t a r t -  
i n g  t imes ,  Sun a n g l e s  i n  and above t h e  7 t o  2 0  d e g r e e  r a n g e  a re  
c o n s i d e r e d .  

2 . 0  THE DOGLEG MANEUVER 

The dog leg  maneuver t r a j e c t o r i e s  were c a l c u l a t e d  by 
u s i n g  t h e  Bellcomm Apol lo  S i m u l a t i o n  Program (BCMASP)(including 
r e c e n t  m o d i f i c a t i o n s ,  s e e  Refe rence  3 )  w i t h  a m o d i f i e d  LM de- 
s c e n t  gu idance  s u b r o u t i n e  ( G U I D L 2 ) .  I n  t h e  s i m u l a t i o n ,  t h e  
maneuver  i s  i n i t i a t e d  a t  a g i v e n  t i m e  (t,) a f t e r  H i  Ga te .  
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S t a r t i n g  a t  t h i s  t i m e ,  and c o n t i n u o u s l y  t h e r e a f t e r ,  t h e  aim 
p o i n t ' s  downrange and  c r o s s r a n g e  components are  changed  s o  t h a t ,  
w i t h  r e s p e c t  t o  t h e  LM's  c u p r e n t  p o s i t i o n  (P), t h e  a i m  p o i n t  (A) 
i s  a l w a y s  a t  t h e  d e s i r e d  d o g l e g  a n g l e  ( $ )  from t h e  o r i g i n a l  LM 
t r a c k  d i r e c t i o n ,  ( F i g u r e  1) .  I n  t h i s  w a y ,  t h e  f l i g h t  d i r e c t i o n  
i s  made t o  conve rge  t o  t h e  d e s i r e d  d o g l e g  d i r e c t i o n .  The d i s t a n c e  
o f  t h e  aim p o i n t  f rom t h e  c u r r e n t  p o s i t i o n  i s  a d j u s t e d  s o  t h a t  
t h e  t o t a l  r a n g e  i n  t h e  phase  ( R G O I )  i s  m a i n t a i n e d  e s s e n t i a l l y  
c o n s t a n t .  ( I n  t h e  program, t h e  i n c r e m e n t  o f  r a n g e  gone i n  a 
p a r t i c u l a r  i n t e g r a t i o n  c y c l e  ( A R G O N E )  i s  approx ima ted  by t h e  
chord  be tween two c o n s e c u t i v e  p o s i t i o n s  of t h e  LM, as shown) .  
The o b j e c t  i n  k e e p i n g  t h e  r ange  c o n s t a n t  i s  t o  keep  t h e  t r a j e c -  
t o r y  p r o f i l e  e s s e n t i a l l y  s imi la r  t o  t h a t  w i t h  no d o g l e g .  I n  
t h i s  way, t h e  time h i s t o r i e s  of t h e  p i t c h  a n g l e ,  t h e  f l i g h t  
p a t h  a n g l e  and l o o k  d e p r e s s i o n  a n g l e  ( s e e  F i g u r e  2 )  s h o u l d  b e  
e s s e n t i a l l y  unchanged from t h e  no d o g l e g  c a s e .  Thus ,  v i s i b i l i t y  
e f ' f ' e c t s  due t o  changes  i n  l o o k  d e p r e s s i o n  a n g l e  a re  e l i m i n a t e d .  

The g u i d a n c e  m e c h a n i z a t i o n  i s  e s s e n t i a l l y  t h a t  o f  
R e f e r e n c e  4 .  Th ree  d i f f e r e n c e s  s h o u l d  be  n o t e d ,  however.  
F i r s t ,  t h e  change i n  t h e  aim p o i n t  i n  t o t o  a t  t h e  s t a r t  o f  t h e  
maneuver and each  subsequen t  i n t e g r a t i o n  i s  n o t  c o n s i s t e n t  w i t h  
t h e  p i l o t - p e r f o r m e d  l a n d i n g  p o i n t  r e d e s i g n a t i o n  p r o c e d u r e  o f  
Refe rence  3 ,  i n  which t h e  l a n d i n g  p o i n t  p o s i t i o n  i s  a l t e r e d  by 
smzll  i n c r e m e n t s  of t h e  s i g h t i n g  a n g l e s  i n  t h e  LN 5ody a x i s  
s y s t e m .  T h i s  i s  n o t  an  i m p o r t a n t  f a c t o r ,  however;  p i ece -mea l  
a l t e r a t i o n  o f  t h e  aim p o i n t  t o  e f f e c t  t h e  d o g l e g  would n o t  s i g -  
n i f i c a n t l y  a f f e c t  t h e  r e s u l t s .  The p u r p o s e  h e r e  i s  t o  compare 
d i f f e r e n t  d o g l e g  a n g l e s  and maneuver s t a r t i n g  t i m e s  s o  i t  i s  
s u f f i c i e n t  t o  employ t h e  s i m p l e r  mode. 

The  s e c o n d ,  r e l a t e d  p o i n t  i s  t h a t  t h e  LM P N G C S  i s  
n o t  c u r r e n t l y  mechanized t o  pe r fo rm a d o g l e g  maneuver as simu- 
l a t e d  h e r e .  The  s i m u l a t i o n  was a r r a n g e d  t h i s  way s o  t h a t  a 
s y s t e m a t i c ,  p a r a m e t r i c  e v a l u a t i o n  of t h e  d o g l e g  c o u l d  b e  made. 
The d o g l e g  as per formed h e r e  c o u l d  be  approx ima ted  b y  a s n o r t  
s e r i e s  of r e d e s i g n a t i o n s  i f  i t  were n o t  i n c o r p o r a t e d  as a n  
a u t o m a t i c  PNGCS f e a t u r e .  

d i s p l a y s  
t h e  v e r t  

T h i r d l y ,  t h e  guidance  f e a t u r e  of R e f e r e n c e  4 ,  which 
t h e  c u r r e n t  l a n d i n g  p o i n t  t o  t h e  p i l o t  b y  a l i g n i n g  

i c a l  r e t i c l e  o f  t h e  l a n d i n g  p o i n t  d e s i g n a t o r  (LPD)  on 
i t  and i n d i c a t i n g  i t s  e l e v a t i o n  a n g l e ,  would b e  of no v a l u e  
d u r i n g  t h e  t u r n  i n  t h e  e a r l y  s t a g e s  o f  t h e  maneuver as per formed 
h e r e .  The i n t e r i m  touchdown p o i n t s  are  a r t i f i c e s  and t h e  a c t u a l  
touchdown p o i n t  i s  n o t  d e t e r m i n a b l e  u n t i l  t h e  t u r n  i s  comple t e  
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and t h e  f l i g h t  a z i m u t h  i s  e q u a l  t o  t h e  d o g l e g  a z i m u t h .  A r e a s o n -  
ab le  d i s p l a y  d u r i n g  t h e  t u r n i n g  p e r i o d  would b e  p r o v i d e d  by  yaw- 
i n g  t h e  v e h i c l e  a b o u t  t h e  t h r u s t  ax i s  t o  p l a c e  t h e  v e r t i c a l  
r e t i c l e  o f  t h e  LPD ( t h a t  i s ,  t h e  LM XZ body p l a n e )  on t h e  t a n g e n t  
t o  t h e  i n s t a n t a n e o u s  f l i g h t  p a t h .  I n  t h i s  way, t h e  LM commander 
c o u l d  e v a l u a t e  t h e  v i s i b i l i t y  i n  t h e  t a n g e n t  p l a n e  and  "ease o u t  
o f  t h e  t u r n "  when h e  j u d g e d  t h e  v i s i b i l i t y  t o  b e  a d e q u a t e ,  e v e n  
i f  t h e  programmed d o g l e g  az imuth  had  n o t  y e t  been a c h i e v e d .  

3 . 0  VISIBILITY C R I T E R I A  

Much h a s  b e e n  w r i t t e n  on what  i s  c o n s i d e r e d  a c c e p t a b l e  
v i s i b i l i t y ,  how t o  measure  i t  a n d  how to d e c i d e  whe the r  i t  i s  
p r e s e n t  on t h e  moon w i t h  v a r i o u s  s u n  e l e v a t i o n  a n g l e s ,  look 
a n g l e s ,  l u n a r  f e a t u r e s ,  e t c .  R e f e r e n c e  5 ,  a f a i r l y  d e t a i l e d  
summary o f  most o f  t h e  p u b l i s h e d  a n a l y t i c a l  s t u d i e s  on l u n a r  
s u r f a c e  v i s i b i l i t y ,  i l l u s t r a t e s  t h e  s u b j e c t i v i t y  o f  t h e  es tab-  
l i s h m e n t  o f  c r i t e r i a .  

I n  a more r e c e n t  s t u d y  ( R e f e r e n c e  6), i t  was s u g g e s t e d  
t h a t  t h e  crew s h o u l d  b e  a b l e  t o  d e t e c t  a 20  f o o t  diameter  c r a t e r  
w i t h  1O:l diameter  t o  d e p t h  r a t i o  a t  a n  a l t i t u d e  o f  3000 f e e t ,  
t h a t  i s ,  a t  a b o u t  1 0 , 0 0 0  f e e t  r a n g e .  T h i s  i s  a s u b t e n d e d  a n g l e  
a t  t h e  eye  o f  0.115 d e g r e e s .  C o n s i d e r i n g  t h a t  t h e  a c c u r a c y  o f  
t h e  LPD i s  l i k e l y  t o  b e  1 / 2  to 1 d e g r e e  and t h a t  t h e  minimum 
c r o s s - r a n g e  r e d e s i g n a t i s n  d i s c r e t e  i s  2 d e g r e e s ,  t h i s  c r i t e r i o n  
a p p e a r s  t o  b e  h i g h l y  c o n s e r v a t i v e ,  The s i tua t io i -1  i s  i l l u s t r a t e d  
i n  F i g u r e  3 . *  

The d e t e c t a b i l i t y  c r i t e r i o n  used  i n  R e f e r e n c e  6 re -  
q u i r e d  t h a t  t h e  b r i g h t  s i d e  and e i t h e r  t h e  g e o m e t r i c  o r  pho to -  
m e t r i c  shadow i n  t h e  c r a t e r  s h o u l d  b e  i n d i v i d u a l l y  d e t e c t a b l e .  
I n  t h e  v i s i b i l i t y  computa t ion ,  c o r r e c t i o n  f a c t o r s  were a p p l i e d  
t o  c o r r e c t  t h e  compos i t e  c a l c u l a t e d  c o n t r a s t  to a g r e e  w i t h  f i e l d  
c o n d i t i o n s ,  t h a t  i s  t h o s e  e x p e c t e d  to b e  a p p l i c a b l e  to t h e  l u n a r  
l a n d i n g  t a s k ,  These r e s u l t  i n  t h e  f i n a l  d a t a  b e i n g  a p p l i r 3 h l e  
t o  a 9 9 %  p r o b a b i l i t y  t h a t  a c r a t e r  i s  d e t e c t a b l e  ( w i t h  a .c:-no 
judgment  as opposed to a t e m p o r a l  f o r c e d - c h o i c e  judgment**)  i n  
a s h o r t  g l i m p s e  ( 0 . 3 3  s e c o n d s ) .  While  i t  i s  l i k e l y  t h a t  t h i s  

*The s u b t e n d e d  a n g l e s  of F i g u r e  3 a r e  r e p r e s e n t e d  c o r r e c t l y  
when t h e  page  i s  h e l d  a t  a rms- l eng th  (28" f rom t h e  e y e ) .  

**In  t h e  t e m p o r a l  f o r c e d - c h o i c e  e x p e r i m e n t ,  t h e  o b s e r v e r  
c h o o s e s  f rom f o u r  t i m e  i n t e r v a l s  t h e  one i n  which a v i s i b i l i t y  
t a rge t  a p p e a r s .  A t a r g e t  a lways  a p p e a r s  i n  one i n t e r v a l  and 
h e  i s  n o t  a l l o w e d  to make no-cho ice .  I n  t h e  yes-no e x p e r i m e n t ,  
t h e  o b s e r v e r  s t a t e s  w h e t h e r  o r  n o t  h e  sees t h e  t a r g e t  i n  a s i n g l e  
t i m e  i n t e r v a l .  A t a r g e t  may or may n o t  b e  shown i n  any i n t e r v a l .  
The p r o c e d u r e  i s  e x p l a i n e d  f u l l y  i n  R e f e r e n c e  7 .  
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k i n d  of  c r i t e r i o n  i s  a p p l i c a b l e  i n  t h e  l a s t  30 s e c o n d s  p r i o r  
t o  t h e  l a n d i n g  s i t e  p a s s i n g  o u t  o f  view b e n e a t h  t h e  LM, when 
t h e  a c t u a l  touchdown s p o t  i s  b e i n g  s e l e c t e d ,  f o r  most  of  t h e  
f i n a l  approach  p h a s e  i t  i s  p r o b a b l e  t h a t  a " r e j e c t i o n "  p r o c e s s  
r a t h e r  t h a n  " s e l e c t i o n "  w i l l  b e  u sed  and  a much l e s s  s t r i n g e n t  
c r i t e r i o n  i s  n e c e s s a r y .  To r e i t e r a t e ,  i t  i s  u n l i k e l y  t h a t  i t  
would b e  n e c e s s a r y  to be  able  to s a y  w i t h  9 9 %  p r o b a b i l i t y  a f t e r  
a s h o r t  g l i m p s e  t h a t  t h e r e  was n o t  a 2 0  f o o t  c r a t e r  ( 2  f e e t  d e e p )  
a t  t h e  touchdown s p o t  w h i l e  s t i l l  a l m o s t  2 miles  f rom touchdown.  

Looking a t  F i g u r e  3 a g a i n ,  i t  would seem more r e a s o n -  
ab le  t h a t  1/2 d e g r e e  c r a t e r s  a re  t h o s e  o f  i n t e r e s t .  I n  t h e  
l a n d i n g  p h a s e , *  t h e  two f e e t  deep  20 f t .  d iameter  c r a t e r s  ( t h e  
l i m i t i n g  h a z a r d )  would s u b t e n d  1 / 2  degree a t  2300 f e e t  ( a p p r o x i -  
m a t e l y  2/5 n .  m i . )  r a n g e .  I n  t h e  nomina l  t r a j e c t o r y ,  t h e  t i m e  
t o  go  t o  loss of  v i s i b i l i t y  a t  t h i s  p o i n t  i s  45 s e c o n d s ,  enough 
t i m e  f o r  s e l e c t i o n  of  a h a z a r d - f r e e  s p o t  and  manual  s t e e r i n g  to 
i t .  I n  t h e  f i n a l  a p p r o a c h  p h a s e ,  a g a i n  c o n s i d e r i n g  t h e  LPD accu-  
r a c y  and t h e  minimum c r o s s  r a n g e  d i s c r e t e  o f  2 deg rees ,  h a l f -  
degree c r a t e r s  would a p p e a r  t o  b e  t h e  minimum s i z e  o f  i n t e r e s t .  

I n  a d d i t i o n ,  i t  i s  u n l i k e l y  t o  b e  n e c e s s a r y  t h a t  t h e  
p r o b a b i l i t y  o f  d e t e c t i o n  o f  a c r a t e r  s u b t e n d i n g  h a l f  a d e g r e e  
a t  any p o i n t  s h o u l d  b e  c o n s t a n t  d u r i n g  t h e  whole f i n a l  a p p r o a c h  
and  l a n d i n g .  I n  t h e  l a n d i n g  p h a s e ,  d e t e c t a b i l i t y  s h o u l d  b e  

a s e a r c h i n g  ( q u i c k  g l i m p s e )  o p e r a t i o n .  The  LM commander i s  a t  
t h i s  p o i n t  p e r f o r m i n g  t h e  t a s k  o f  p i c k i n g  a l a n d i n g  s p o t  f rom 
a n  a c c e s s i b l e  f i e l d  - a p o s i t i v e  f u n c t i o n .  I n  t h e  f i n a l  a p p r o a c h  
p h a s e ,  however ,  t h e  o p e r a t i o n  i s  t h e  o p p o s i t e  - n o t  a s e a r c h  f o r  
one  s p o t ,  b u t  a r e j e c t i o n  of  t h e  c u r r e n t  l a n d i n g  p o i n t  i f  i t  
a p p e a r s  u n s a t i s f a c t o r y .  T h i s  r e q u i r e s  a d i f f e r e n t  t e c h n i q u e  - 
a c o n c e n t r a t i o n  on t h e  a r ea  i n d e x e d  b y  t h e  LPD and  o n l y  a n  i n d i -  
c a t i o n  ( n o t  n e c e s s a r i l y  a n  a l m o s t  c e r t a i n t y )  t h a t  t h a t  a rea  i s  
u n s a f e .  The d i f f e r e n t  t e c h n i q u e  i s  r e q u i r e d  b e c a u s e  a d e c i s i o n  
t o  a c t  Would b e  p o s t p o n e d ,  due t o  t h e  u n c e r t a i n t y  o f  t h e  TPD 
i n d i c a t i o n  and  t h e  2 d e g r e e  minimum r e d e s i g n a t i o n , u n t i l  t "  e com- 
mander was a l m o s t  c e r t a i n  t h a t  t h e  h a z a r d  d i d  i n d e e d  e x i r t  a t  
t h e  i n d i c a t e d  l a n d i n g  s i t e  and was a b o u t  one d e g r e e  a c r o s s .  

n 3ucI l l  1 1  rrL- as t o  e n s u r e  h i g h  F r o b a b i l l t y  of d e t s c t i r ; g  t h e  h a z a r d s  i r ;  

*It i s  c o n v e n i e n t  t o  examine s e p a r a t e l y  t h e  v i s i b i l i t y  r e -  
q u i r e m e n t s  i n  t h e  f i n a l  approach  and l a n d i n g  p h a s e s .  From t h e  
g u i d a n c e  v i e w p o i n t ,  t h e y  a r e  c o n s i d e r e d  as one ;  o p e r a t i o n a l l y ,  
t h e r e  i s  no c l e a r  b r e a k  be tween them. The p o i n t  a t  which  t h e  
commander takes  o v e r  manual c o n t r o l  o f  t h e  LM, which o f  c o u r s e  
i s  n o t  f i x e d ,  i s  n o r m a l l y  c o n s i d e r e d  t o  b e  t h e  s t a r t  o f  t h e  
l a n d i n g  p h a s e .  For t h e  p u r p o s e s  o f  t h i s  r e p o r t ,  t h e  l a n d i n g  
p h a s e  i s  c o n s i d e r e d  t o  commence a t  a n  a l t i t u d e  o f  750 f e e t ,  
a b o u t  2300 f e e t  r a n g e  and 85 s e c o n d s  to go t o  nominal  touchdown.  
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However, t o  r e t a i n  a measure  o f  c o n s e r v a t i s m ,  t h e  y e s -  
no  judgmen t ,  qu ick -g l impse ,  9 9 %  p r o b a b i l i t y  c r i t e r i o n  i s  r e t a i n e d  
f o r  b o t h  t h e  f i n a l  approach  and  l a n d i n g  p h a s e s  i n  t h e  f o l l o w i n g  
development  o f  a measure of r e q u i r e d  v i s i b i l i t y .  The d i f f e r e n c e  
f rom R e f e r e n c e  6 c r i t e r i a ,  t h e n ,  i s  t h a t  1 / 2  d e g r e e  i s  a d o p t e d  
as t h e  s i z e  o f  c r a t e r s  o f  i n t e r e s t ,  f o r  r e a s o n s  e x p l a i n e d  above .  

4.0 DETECTABILITY C R I T E R I O N  USED I N  THIS REPORT 

C o n t r a s t  i s  d e f i n e d  i n  R e f e r e n c e  1 as 

where r$ i s  t h e  Wil l ingham 1963 p h o t o m e t r i c  f u n c t i o n  and T i s  t h e  
luminance  l o n g i t u d e .  I n  t h e  b r i g h t n e s s  rafige of i n t e r e s t  ( 7 5  t o  
800 f o o t - l a m b e r t s ) ,  t h e  l i m i n a l  c o n t r a s t  f o r  o b j e c t s  s u b t e n d i n g  
1 / 2  d e g r e e ,  f rom t h e  s t a n d a r d  T i f f a n y  da t a ,  i s  .003. T h i s  da ta  
has to be  c o r r e c t e d  f o r  t h r e e  f a c t o r s ,  as shown i n  R e f e r e n c e  7 .  
To c o n v e r t  f rom t h e  50% p r o b a b i l i t y  of  d e t e c t i o n  to 99%, t h e  
l i m i n a l  c o n t r a s t  h a s  t o  b e  m u l t i p l i e d  by a f i e l d  f a c t o r  o f  2 .  
A f u r t h e r  f i e l d  f a c t o r  of  2 i s  a p p l i c a b l e  to c o n v e r t  from un- 
l i m i t e d  s c a n  t i m e  t o  a 0 . 3 3  second s h o r t  g l i m p s e  and  a t h i r d  
f i e l d  f a c t o r  o f  2 c o n v e r t s  from t h e  t e m p o r a l  f o r c e d - c h s i c e  
method t o  a yes -no  j u d g x e n t .  These  f a c t o r s  have  b e e n  c o n s e r -  
v a t i v e l y  combined t o  g i v e  a v a l u e  o f  1 0 ,  r e s u l t i n g  i n  a c o n t r a s t  
c r i t e r i o n  of' 0 . 0 3 . "  T h a t  i s ,  i f  t h e  c a l c u l a t e d  c o n t r a s t  i s  
0 . 0 3 ,  t h e r e  i s  a 9 9 %  p r o b a b i l i t y  t h a t  a c o n t r a s t - p r o d u c i n g  f e a -  
t u r e  s u b t e n d i n g  h a l f  a deg ree  w i l l  b e  u n e q u i v o c a l l y  d e t e c t a b l e  
i n  a s h o r t  g l i m p s e .  The e f f e c t s  of  c h o o s i n g  a v a l u e  o t h e r  t h a n  
0 . 0 3  as a c r i t e r i o n  a r e  d i s c u s s e d  i n  a l a t e r  p a r a g r a p h .  

To c a l c u l a t e  t h e  c o n t r a s t ,  a c r a t e i -  i s  approx ima ted  
b y  a s u r f a c e  e l e m e n t ,  w i t h  a s l o p e  d i f f e r e n c e  o f  1 0  d e g r e e s  
f rom t h e  s u r r o u n d i n g  background.  (The l i p  a n g l e  of  a 10:: c i r -  
c u l a r  c r a t e r  i s  2 2 - 1 / 2  d e g r e e s ;  t h e  mean s l o p e  o f  t h e  c r a t ? r  
w a l l  v i s i b l e  d u r i n g  t h e  f i n a l  approach  i s  c l o s e  to 1 0  d e g r e e s . )  
I t  was assumed t h a t  t h e  c i r c u l a r  t a r g e t  d a t a  was a p p l i c a b l e  to 
t h e  e l l i p t i c  t a r g e t  p r e s e n t e d  b y  a c r a t e r  h a v i n g  t h e  same 
l a t e r a l  a n g l e  s u b t e n d e d  a t  t h e  e y e .  

"Ziedman, i n  Refe rence  6 ,  u sed  a f i e l d  f a c t o r  o f  4 to con- 
v e r t  T a y l o r  d a t a  to f i e l d  c o n d i t i o n s ,  as t h e  T a y l o r  da t a  i s  
a l r e a d y  a p p l i c a b l e  t o  s h o r t  g l i m p s e s .  Apply ing  t h e  T a y l o r  da ta  
t o  d e t e r m i n e  t h e  r e q u i r e d  c o n t r a s t  for a 0 . 1 1 5  d e g r e e  c r a t e r  
g i v e s  0,018. The c o n t r a s t  r e q u i r e d  to d e t e c t  a 0 . 1 1 5  d e g r e e  
c r a t e r  i n  f i e l d  c o n d i t i o n s  b y  Ziedman's  c r i t e r i o n  would t h e r e -  
f o r e  b e  0 . 0 7  (4 x 0 . 0 1 8 ) .  
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5 . 0  STUDY LIMITATIONS 

Two p o i n t s  have  n o t  been  cons  d e r e d  i n  t h i s  s t u d y  

1. It h a s  been  assumed t h a t  t h e  s u n  a z i m u t h  w i t h  re -  
s p e c t  to t h e  LM t r a c k  p r i o r  to t h e  d o g l e g  i s  z e r o .  
T h i s  i s  o n l y  t r u e  f o r  a small number o f  c a s e s .  The 
a n g l e  depends  on t h e  d a t e  o f  t h e  l a n d i n g ;  i t  i s  
u s u a l l y  l ess  t h a n  7 deg rees ,  f o r  s i t e s  i n  t h e  A p o l l o  
zone o f  i n t e r e s t .  

I f  t h e r e  a re  no o t h e r  f a c t o r s  f a v o r i n g  a t u r n  e i t h e r  
t o  t h e  l e f t  o r  t h e  r i g h t ,  t h e n  t h e  d o g l e g  s h o u l d  b e  
made t o  i n c r e a s e  t h e  e x i s t i n g  a z i m u t h .  The r e s u l t s  
w i l l  b e  s imi l a r  to t h o s e  o f  t h i s  s t u d y .  
t h e  commander's view i s  p r e d o m i n a n t l y  o f  t e r r a i n  t o  
t h e  l e f t ,  a t u r n  t,o t h e  l e f t  i s  c o n s i d e r e d  manda to ry ,  
t h e n  a b o u t  h a l f  t h e  d o g l e g  a n g l e s  would have  to b e  
i n c r e a s e d  by t w i c e  t h e  o r i g i n a l  s u n  az imuth  t o  
approx ima te  t h e  v i s i b i l i t y  r e s u l t s  o f  t h i s  s t u d y .  
I n  t h i s  l a t t e r  c a s e ,  i t  would i n t u i t i v e l y  seem un- 
economica l  to do a d o g l e g  t o  t h e  l e f t  i f  t h e  LM 
t r a c k  was a l r e a d y  5" or more to t h e  r i g h t  o f  t h e  s u n  
l i n e .  
e s t a b l i s h  a m i s s i o n  r u l e .  

I f ,  b e c a u s e  

F u r t h e r  a n a l y s i s  i n  t h i s  a r ea  i s  r e q u i r e d  t o  

2. 1Jo c o n s i d e r a t i o n  i s  g i v e n  t o  p i l o t  r e d e s i g n a t i o n  f o r  
o b s t a c l e  a v o i d a n c e  and touchdown p o i n t  s e l e c t i o n .  
These  a r e ,  as  i n  t h e  c a s e  o f  no d o g l e g  maneuver ,  
a r b i t r a r y  p e r t u r b a t i o n s  super imposed  on t h e  b a s i c  
t r a j e c t o r y .  
a d e q u a t e  c o n f i d e n c e  i n  t h e  r e s u l t s  o f  s u c h  a c t i o n ,  
t h e n  t h e  need  f o r  c o n t i n u a t i o n  o f  t h e  d o g l e g  i s  d i -  
m i n i s h e d  or removed. Due heed  must b e  t a k e n  o f  t h e  
f l i g h t  p a t h  e l e v a t i o n  and az imuth  t h a t  w i l l  r e s u l t  
from such  a r e d e s i g n a t i o n ,  however;  i f  t h e  a n g l e  t e -  
tween t h e  sun  and t h e  f l i g h t  p a t h  t e n d s  to d e c r e a s e  
as  a r e s u l t  o f  such  r e d e s i g n a t i o n ,  a p r o g r e s s i v e  
worsen ing  of  t h e  v i s i b i l i t y  can be e x p e c t e d .  The 
g e n e r a l  r u l e  i n  such  a s i t u a t i o n  would b e  to r e d e s i g -  
n a t e  i n t o  r e g i o n s  where t h e  v i s i b i l i t y  i s  b e t t e r  t h a n  
t h a t  a t  t h e  c u r r e n t  s i t e .  The f l i g h t  p a t h  c u r v a t u r e  
r e s u l t i n g  from t h e  r e d e s i g n a t i o n  w i l l  t h e n  c a u s e  t h e  
v i s i b i l i t y  to f u r t h e r  improve .  

I f  t h e  v i s i b i l i t y  i s  s u f f i c i e n t  to g i v e  

6 . 0  DISCUSSION OF THE RESULTS 

C a l c u l a t i o n s  of 2 8  d o g l e g  t r a j e c t o r i e s  were made for 
d o g l e g  a n g l e s  o f  5 ,  1 0 ,  15, 2 0 ,  3 0 ,  40 and 50 degrees ,  w i t h  t h e  
maneuver  s t a r i n g  a t  2 0 ,  40, 60 and 80 seconds  a f t e r  H i  Gate (de-  
f i n e d  as t h e  s t a r t  of  t h e  t r a n s i t i o n  t o  t h e  F i n a l  Approach p h a s e ) .  
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F i g u r e  2 i s  a n  i l l u s t r a t i o n  o f  t h e  terms u s e d  i n  t h e  
p r e s e n t a t i o n  o f  t h e  da ta .  F i g u r e  4 ( a  t h r o u g h  h )  shows t h e  re-  
s u l t s  o f  t h e  t r a j e c t o r y  c a l c u l a t i o n s  for a no  d o g l e g  a p p r o a c h  
( b a s e d  on t h e  R e f e r e n c e  8 t r a j e c t o r y )  and f o r  a sample  d o g l e g  
o f  20 d e g r e e s  s t a r t e d  20  seconds  a f t e r  H i  Gate, i l l u s t r a t i n g  
t h a t  t h e  f l i g h t  p r o f i l e  v a r i a b l e s  ( a l t i t u d e ,  f l i g h t  p a t h  a n g l e ,  
l o o k  d e p r e s s i o n  a n g l e )  a re  e s s e n t i a l l y  unchanged i n  t h e  d o g l e g .  

C o n t r a s t  t i m e  h i s t o r i e s  f o r  no d o g l e g  and t h e  f o u r  
20-degree d o g l e g  a p p r o a c h e s  f o r  s u n  e l e v a t i o n  a n g l e s  o f  7 ,  1 3 . 5 ,  
2 0 ,  2 5  and 30 d e g r e e s  are  shown i n  F i g u r e  5 . *  

The t i m e  i n t e r v a l s  i n  which t h e  c o n t r a s t  i s  g r e a t e r  
. t h a n  0 . 0 3  a re  g i v e n  i n  T a b l e  I .  The i n t e r v a l  ends  a t  t h e  p o i n t  
where t h e  touchdown s p o t  p a s s e s  o u t  o f  s i g h t  b e n e a t h  t h e  LM. The 
t o t a l  powered d e s c e n t  AV and t h e  i n c r e m e n t  i n  AV above t h e  no 
d o g l e g  r u n  a r e  a l s o  g i v e n .  T h e s e  data a r e  p l s t t e d  i n  F l g u p e s  6 ,  
7 and 8 as d e s c r i b e d  be low.  

F o r  sun  e l e v a t i o n  a n g l e  7 d e g r e e s ,  t h e  c o n t r a s t  i s  s o  
g r e a t  w i t h o u t  a d o g l e g  t h a t  none need be  c o n s i d e r e d .  The da ta  
shows ( and  F i g u r e  5 i l l u s t r a t e s )  t h a t  t h e r e  i s  a d e c r e a s e  i n  
c o n t r a s t  d u r i n g  t h e  d o g l e g .  

Fo r  s u n  e l e v a t i o n  a n g l e  1 3 . 5  d e g r e e s ,  a d o g l e g  de- 
c r e a s e s  t h e  c o n t r a s t  g e n e r a l l y  and i s  t h e r e f o r e  a l s o  d i s a d v a n -  
t a g e o u s .  

With 20  d e g r e e s  s u n  e l e v a t i o n  a n g l e ,  a l l  o f  t h e  dog- 
l egs  e x c e p t  f o r  t h o s e  w i t h  5 d e g r e e s  az imuth  i n c r e a s e d  t h e  con- 
t r a s t  i n  t h e  f i n a l  approach  p h a s e .  F i g u r e  6 i l l u s t r a t e s  t h e  
i n c r e a s e  i n  t h e  t i m e  i n t e r v a l  between a t t a i n i n g  a c o n t r a s t  l e v e l  
o f  0.03 and l o s s  of v i s i b i l i t y  o f  t h e  touchdown s p o t ,  a s  a func -  
t i o n  of t h e  i n c r e m e n t a l  AV r e q u i r e d  to p e r f o r m  t h e  d o g l e g .  Dog- 
l e g  a n g l e s  l ess  t h a n  abou t  6 d e g r e e s  c a u s e  a d e c r e a s e  i n  v i s i b i l i t y  
t i m e .  The g r e a t e s t  r a t e  of  i n c r e a s e  i n  p e r c e p t i o n  t i m e  O C C L Y S  be-  
tween 6 and abou t  1 8  d e g r e e s ,  w i t h  d i m i n i s h i n g  r e t u r n s  t h e r e a f t e r .  
I n  t h i s  r a n g e ,  a d e l a y e d  s t a r t  g i v e s  more t i m e  f o r  a g i v e n  AV b u t  
t h e  t i m e  g a i n  may n o t  be  a d e q u a t e ,  as e x p l a i n e d  l a t e r .  At g r e a t e r  
a n g l e s ,  t h e  d o g l e g  s h o u l d  be s t a r t e d  e a r l y ,  f o r  b e s t  e f f e c t i v e n e s s .  
The l i n e  l a b e l l e d  "Hover time c o s t "  shows t h e  AV c o s t  o f  h o v e r i n g  
(or, e q u i v a l e n t l y ,  chang ing  t h e  l a n d i n g  s i t e  i n  t h e  l a n d i n g  phase  
w h i l e  t r a v e l i n g  a t  low h o r i z o n t a l  s p e e d s ) .  Obvious ly  a t r a d e o f f  
e x i s t s  between two s t r a t e g i e s :  employing AV t o  g e t  a b e t t e r  view 

&The c o n t r a s t  shown i s  t h a t  a t  t h e  " a c t u a l  touchdown p o i n t " ,  
n o t  a t  t h e  "nominal  touchdown p o i n t " .  Hence, f o r  d o g l e g  a p p r o a c h e s ,  
t h e  c o n t r a s t  i s  d i f f e r e n t  from t h e  no d o g l e g  approach  even  b e f o r e  
t h e  d o g l e g  commences. 
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o f  t h e  t e r r a i n  f a i r l y  e a r l y  i n  t h e  f i n a l  a p p r o a c h  by d o i n g  a dog- 
l e g ;  and  u s i n g  i t  when t h e  c o n t r a s t  i s  h i g h e r  d u r i n g  t h e  l a n d i n g  
p h a s e  t o  p u t  t h e  f i n a l  t o u c h e s  t o  a n  o t h e r w i s e  b l i n d  a p p r o a c h .  

The f o l l o w i n g  p a r a g r a p h s  s u g g e s t  a s t r a t e g y  f o r  u t i l i -  
z a t i o n  o f  t h e  b e t t e r  c o s t  e f f e c t i v e n e s s  shown by t h e  d o g l e g  a t  
20 d e g r e e  s u n  e l e v a t i o n  a n g l e  i n  t h e  c o n t e x t  of l a n d i n g  i n  an  
A p o l l o  s i t e .  

It  i s  assumed,  a p r i o r i ,  t h a t  h a l f - d e g r e e  c r a t e r s  
s h o u l d  be  v i s i b l e  a t  1 0 0  seconds  p r i o r  to l o s s  o f  s i g h t  o f  t h e  
touchdown s p o t .  A t  t h i s  p o i n t ,  t h e  LM w i l l  be  a t  an a l t i t u d e  
o f  4 , 0 0 0  f e e t ,  a b o u t  1 4 , 0 0 0  f e e t  up range  from l a n d i n g .  At t h i s  
r a n g e ,  a h a l f - d e g r e e  c r a t e r  i s  1 2 5  f e e t  a c r o s s .  C o n s e r v a t i v e l y  
a l l o w i n g  1 5  s e c o n d s  b e f o r e  a r e d e s i g n a t i o n  i s  made, b y  which 
t i m e  t h e  a l t i t u d e  w i l l  be  3 , 0 0 0  f e e t ,  t h e  l a r g e s t  s i n g l e  c r a t e r  
i n  any of t h e  Apo l lo  l a n d i n g  s i t e s  ( 1 , 5 0 0  f e e t .  d i a z e t e r ?  could 
b e  e a s i l y  a v o i d e d  w i t h  a t h r e e - p u l s e  (6") c r o s s - o r  up/down-range 
r e d e s i g n a t i o n  ( a p p r o x i m a t e l y  1 , 0 0 0  f e e t )  a t  a maximum AV c o s t  o f  
a b o u t  25 f e e t / s e c o n d ,  and a h i g h l y  p r o b a b l e  c o s t  o f  ve ry  much 
less  b y  g o i n g  c r o s s r a n g e  ( F i g u r e  6 o f  R e f e r e n c e  9). T h i s  v a l u e  
i s  c o n s e r v a t i v e ,  b e c a u s e  i t  i s  assumed n a i v e l y  t h a t  t h e  commander 
a l l o w s  t h e  LM t o  b e  s t e e r e d  toward t h e  c r a t e r  by t h e  d o g l e g  
g u i d a n c e  even  though  a c r a t e r  of such  a s i z e  w i l l  be  v i s i b l e  a t  
t h e  e s t i m a t e d  end-of -dogleg  l a n d i n g  p o i n t  l o n g  b e f o r e  t h e  1 0 0  
second p o i n t .  

Af te r  s u c h  a r e d e s i g n a t i o n  to c l e a r  t h e  o b s t a c l e  at 
t h e  end  o f  t h e  d o g l e g  t r a j e c t o r y ,  t h e  maximum s i z e  of s u b s e q u e n t  
r e d e s i g n a t i o n  s h o u l d  be  s i n g l e - p u l s e ,  as each  h a l f - d e g r e e  c r a t e r  
i s  avo ided  as  i t  comes i n t o  view. (The v i s i b l e  c r a t e r  s i z e  w i l l ,  
i n  f a c t ,  b e  d e c r e a s i n g  c o n t i n u o u s l y  as t h e  c o n t r a s t  i n c r e a s e s  due 
to i n c r e a s i n g  look d e p r e s s i o n  a n g l e ,  s o  l o n g  as t h e  az imuth  a n g l e  
i s  n o t  d e c r e a s e d  or t h e  t r a j e c t o r y  s t r e t c h e d  down-track b y  r e -  
d e s i g n a t i o n . )  

One hundred seconds  of v i s i b i l i t y  can  be  bought  v: i th  
2 5  f e e t  p e r  s econd  o f  AV by p e r f o r m i n g ,  s a y ,  a 17-degree  d o g l e g  
commencing a t  2 0  s econds  a f t e r  H i  G a t e .  Using such  a s t r a t e g y ,  
2 5  f e e t  p e r  second out of  t h e  6 0  f e e t  p e r  second AV a l l o w a n c e  
a l l o c a t e d  i n  t h e  d e s c e n t  AV budget  f o r  f i n a l  approach  phase  ma- 
n e u v e r i n g  s h o u l d  b e  made a v a i l a b l e  f o r  t h e  d o g l e g  maneuver f o r  
h i g h  s u n  a n g l e s  ( a p p r o a c h i n g  20"). I n  t h i s  way ,  maximum u t i l i -  
z a t i o n  o f  t h e  maneuvering a l lowance  w i l l  be  e f f e c t e d .  

It s h o u l d  be  n o t e d  t h a t  t h e  c o n t r a s t  l e v e l  a t  l o s s  
o f  v i s i b i l i t y  i s  t h e  same, w i t h  or w i t h o u t  a d o g l e g ,  f o r  a g i v e n  
s u n  a n g l e .  T h e  r e a s o n  f o r  t h i s  i s  t h a t  a t  l a r g e  look d e p r e s s i o n  
a n g l e s ,  t h e  e f f e c t  o f  l o o k  az imuth  a n g l e  i s  i n s i g n i f i c a n t .  
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R e s u l t s  s imilar  t o  t h o s e  f o r  20 d e g r e e  s u n  a n g l e  are  
shown i n  F i g u r e s  7 and 8 f o r  2 5  and  30 d e g r e e  sun  a n g l e s .  While 
o t h e r  c o n s i d e r a t i o n s  (LM h e a t i n g  on the  s u r f a c e ,  l andmark  s i g h t -  
i n g ,  e t c . )  might  o t h e r w i s e  p r e c l u d e  t he  u s e  o f  these  h i g h e r  s u n  
a n g l e s  f o r  e a r l y  m i s s i o n s ,  f l i g h t  e x p e r i e n c e  might  a l l o w  u s i n g  
t h e  a d v a n t a g e s  i n  l a u n c h  o p p o r t u n i t y  t o  be g a i n e d  from i n c r e a s i n g  
t h e  sun  a n g l e  r a n g e  above 20 d e g r e e s .  

It was s t a t ed  p r e v i o u s l y  t ha t  t h e  e s t a b l i s h m e n t  o f  
v i s i b i l i t y  c r i t e r i a  i s  h i g h l y  s u b j e c t i v e .  I n  t h i s  c o n t e x t ,  i t  
i s  wise t o  examine t h e  s e n s i t i v i t y  of t h e  r e s u l t s  t o  t h e  c r i t e -  
r i o n  chosen .  For  i n s t a n c e ,  F i g u r e  5 r e s u l t s  show t h a t  i f  a 
c o n s t r a s t  o f  0 . 0 2  i s  t h e  l e v e l  o f  a c c e p t a b i l i t y ,  a d e q u a t e  v i s i -  
b i l i t y  e x i s t s  f o r  20  d e g r e e  sun a n g l e  f o r  a l l  t h e  f i n a l  a p p r o a c h  
for most d o g l e g s ;  i f  a c o n t r a s t  of 0.04 i s  n e c e s s a r y ,  t h e n  t h e  
d o g l e g  has no wor thwhi l e  a d v a n t a g e .  

7 . 0  EXTENT OF THE WASHOUT REGION 

Refe rence  1 0  s t a t e s  as a r e q u i r e m e n t  t h a t  t h e r e  s h a l l  
b e  a d i f f e r e n c e  of f o u r  d e g r e e s  between t h e  sun  e l e v a t i o n  a n g l e  
and t h e  v i ewing  a n g l e  ( l o o k  d e p r e s s i o n  a n g l e )  i n  t h e  v i s i b i l i t y  
phases o f  LM d e s c e n t  i f  t h e  az imuth  d i f f e r e n c e  i s  z e r o .  The 
p o i n t  i s  i l l u s t r a t e d  i n  Refe rence  11 w i t h  a Lunar  O r b i t e r  V 
o b l i q u e  p h o t o g r a p h ,  i n  which t h e  washout r e g i o n  e x t e n d s  f o u r  
d e g r e e s  below t h e  shadow p o i n t ,  f o r  a sun  e l e v a t i o n  a n g l e  o f  
2 2  d e g r e e s .  

The c o n t r a s t  i s  good ( a b o u t  0 . 3 )  a t  t h e  b e g i n n i n g  of 
t h e  F i n a l  Approach phase  ( F i g u r e  5 ( a ) )  f o r  1 3 . 5  d e g r e e  s u n  e l e v a -  
t i o n  a n g l e s ,  even  though t h e  d i f f e r e n c e  between s u n  a n g l e  and 
look d e p r e s s i o n  a n g l e  ( F i g u r e  4 ( e ) )  i s  on ly  2 . 5  degrees .  F i g u r e  
9 shows c o n t r a s t  v e r s u s  look d e p r e s s i o n  a n g l e  f o r  f i v e  sun  a n g l e s  
from 13 .5  t h r o u g h  2 2  d e g r e e s  and i l l u s t r a t e s  t h a t  t h e  c o n t r a s t  
a t  a look a n g l e  f o u r  d e g r e e s  from t h e  sun  a n g l e  i n c r e a s e s  as t h e  
sun  a n g l e  d e c r e a s e s .  A t  t h e  lower sun e l e v a t i o n  a n g l e s ,  l e s s  
t h a n  f o u r  d e g r e e s  d i f f e r e n c e  between t h e  sun  e l e v a t i o n  a n g l e  
and t h e  look d e p r e s s i o n  a n g l e  i s  n e c e s s a r y  f o r  good v i s i b i l i t y .  

8 . 0  CONCLUSIONS 

An a n a l y t i c a l  s t u d y  to d e t e r m i n e  t h e  e f f e c t i v e n e s s  of 
d o g l e g  maneuvers  t o  enhance v i s i b i l i t y  d u r i n g  LM approach  t o  
l a n d i n g  has been made. The f o l l o w i n g  l i m i t a t i o n s  and a s s u m p t i o n s  
i n  t h e  s t u d y  are r e i t e r a t e d .  

1. A p a r t i c u l a r  gu idance  scheme was f o r m u l a t e d  t o  
e f f e c t  t h e  d o g l e g  maneuver which d i f f e r s  from 
t h e  LM gu idance  m e c h a n i z a t i o n  o f  Refe rence  4 .  
I n  p a r t i c u l a r ,  p i ecemea l  a l t e r a t i o n  o f  t h e  
l a n d i n g  p o i n t  was n o t  u s e d ;  i n  a d d i t i o n ,  LPD 
o p e r a t i o n  would d i f f e r .  
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2 .  C o n t r a s t  - f o r  10 d e g r e e  s l o p e  change ,  based on 
Wil l ingham 1963  p h o t o m e t r i c  f u n c t i o n ,  was u s e d  
as a measure  of  v i s i b i l i t y .  F i e l d  f a c t o r s  were 
a p p l i e d  S O  t h a t  t h e  c a l c u l a t e d  data  a p p l i e s  t o  
99% p r o b a b i l i t y ,  s h o r t  g l i m p s e ,  yes-no judgment 
t h a t  a half-degree o r  l a r g e r  o b j e c t  c o u l d  be  
d e t e c t e d .  The 1 0  d e g r e e  s l o p e  was assumed t o  
r e a s o n a b l y  r e p r e s e n t  t h e  v i s i b l e  p o r t i o n  of a 
1O:l d i a m e t e r  t o  depth c i r c u l a r  c r a t e r .  

3. It was assumed t h a t  t h e  sun  az imuth  w i t h  r e s p e c t  
t o  t he  LM t r a c k  p r i o r  t o  t h e  d o g l e g  was z e r o .  I n  
g e n e r a l  t h i s  w i l l  n o t  be  s o .  If it  i s  p e r m i s s i b l e  
t o  t u r n  t h e  LM i n  e i t h e r  d i r e c t i o n  d u r i n g  t h e  
a p p r o a c h ,  p r i o r  sun  az imuth  w i l l  be  a d v a n t a g e o u s ;  
i f  t u r n s  t o  t h e  r i g h t  are p r o h i b i t e d ,  p r i o r  s u n  
az imuth  w i t h  t h e  s u n ' s  r a y s  t o  t h e  l e f t  o f  t h e  LM 
t r a c k  w i l l  b e  a d i s a d v a n t a g e .  

No c o n s i d e r a t i o n  was g i v e n  i n  t h e  a n a l y s i s  t o  t h e  
e f f e c t s  o f  p i l o t  r e d e s i g n a t i o n  o f  t h e  l a n d i n g  
p o i n t .  An e m p i r i c a l  r u l e  of thumb f o r  i n c r e a s i n g  
v i s i b i l i t y  i n  r e d e s i g n a t i o n s  was s u g g e s t e d ,  however .  

4. 

The c o n c l u s i o n s  a r e :  

1. The d o g l e g  maneuver i s  d e t r i m e n t a l  i f  t h e  sun  
e l e v a t i o n  i s  i n  t he  lower  ha l f  o f  t h e  7-20 d e g r e e  
r a n g e .  

2 .  A t  20 d e g r e e  sun  e l e v a t i o n ,  a d o g l e g  maneuver can  
p r o v i d e  e x t r a  t i m e  f o r  e v a l u a t i o n  o f  h a l f - d e g r e e  
c r a t e r s  and w i l l  p r e v e n t  t h e  washout r e g i o n  from 
e n v e l o p i n g  t h e  l a n d i n g  p o i n t ,  b u t  w i l l  n o t  i n c r e a s e  
t h e  c o n t r a s t  l e v e l  a t  t h e  p o i n t  when t h e  touchdown 
s p o t  d i s a p p e a r s  benea th  t h e  LM window bot tom p r i o r  
t o  touchdown. 

3. Above 2 0  d e g r e e s  s u n  a n g l e ,  t h e  d o g l e g  maneuver 
would e l i m i n a t e  t h e  washout r e g i o n  p a s s i n g  o v e r  
t h e  l a n d i n g  s p o t .  It c o u l d  p r o v i d e  r e a s o n a b l e  
s i t e  e v a l u a t i o n  t i m e s  a t  l i t t l e  AV c o s t ;  i f  o t h e r  
c o n s t r a i n t s  l i m i t i n g  t h e  sun  a n g l e  r ange  t o  2 0  
degrees were found t o  be o v e r - s t r i c t ,  i t  i s  pos-  
s i b l e  t h a t  sun  e l e v a t i o n s  g rea t e r  t h a n  20 d e g r e e s  
c o u l d  be used  f o r  l a t e r  l u n a r  l a n d i n g  m i s s i o n s ,  
w i t h  r e l a x e d  l a u n c h  o p p o r t u n i t y  c o n s t r a i n t s .  

4 .  The d o g l e g  maneuver s h o u l d  be s t a r t e d  soon a f t e r  
H i  Gate  t o  p r o v i d e  an a d e q u a t e  i n c r e a s e  i n  e v a l -  
u a t i o n  t i m e  f o r  t h e  least  AV; t h e  i n c r e m e n t a l  
advan tage  d e c r e a s e s  a s  t he  d o g l e g  a n g l e  i n c r e a s e s  
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above a b o u t  18 d e g r e e s .  The AV needed  t o  r e a c h  
v e r y  l a r g e  a n g l e s  c o u l d  p r o b a b l y  be  t u r n e d  t o  
greater  a d v a n t a g e  by p r o v i d i n g  i n c r e a s e d  h o v e r  
t i m e  . 

5. It i s  recommended tha t  f u r t h e r  s t u d i e s  be made 
t o  r e s o l v e  t h e  q u e s t i o n  of a d e q u a t e  v i s i b i l i t y  
c r i t e r i a ,  i n  view o f  t h e  need to m a i n t a i n  a rea- 
s o n a b l e  l i g h t i n g  window. I n  advance  o f  s u c h  a 
r e s o l u t i o n ,  i t  i s  s u g g e s t e d  t h a t  25 f t / s e c o n d  o f  
t h e  d e s c e n t  AV budge t  F i n a l  Approach phase maneu- 
v e r i n g  a l lowance  be earmarked for a 17-degree  
d o g l e g  a t  h i g h  s u n  a n g l e s .  

It i s  recommended tha t  t h e  Refe rence  1 0  r e q u i r e -  
ment q u o t e d  above s h o u l d  be reworded t o  r e f l e c t  
t h e  f i n d i n g s  o f  t h i s  memorandum. 

6. 

2013-FH-wcs 

At t achmen t s  
T a b l e  I 
R e f e r e n c e s  
F i g u r e s  1-8 
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